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Summary
Objective: To compare articular cartilage signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), and thickness measurements on a 1.5 T
and a 3.0 T magnetic resonance (MR) scanner using three-dimensional spoiled gradient recalled echo (3D-SPGR) and two 3D steady-state
free precession (SSFP) sequences.
Methods: Both knees of ﬁve volunteers were scanned at 1.5 T and at 3.0 T using a transmit-receive quadrature extremity coil. Each
examination consisted of a sagittal 3D-SPGR sequence, a sagittal fat suppressed 3D-SSFP (FS-SSFP) sequence, and a sagittal Dixon 3D-
SSFP sequence. For quantitative analysis, we compared cartilage SNR and CNR efﬁciencies, as well as average cartilage thickness
measurements.
Results: For 3D-SPGR, cartilage SNR efﬁciencies at 3.0 T increased compared to those at 1.5 T by a factor of 1.83 (range: 1.40e2.09). In
comparison to 3D-SPGR, the SNR efﬁciency of FS-SSFP increased by a factor of 2.13 (range: 1.81e2.39) and for Dixon SSFP by a factor of
2.39 (range: 1.95e2.99). For 3D-SPGR, CNR efﬁciencies between cartilage and its surrounding tissue increased compared to those at 1.5 T
by a factor of 2.12 (range: 1.75e2.47), for FS-SSFP by a factor 2.11 (range: 1.58e2.80) and for Dixon SSFP by a factor 2.39 (range
2.09e2.83). Average cartilage thicknesses of load bearing regions were not different at both ﬁeld strengths or between sequences (PO 0.05).
Mean average cartilage thickness measured in all knees was 2.28 mm.
Conclusion: Articular cartilage imaging of the knee on a 3.0 T MR scanner shows increased SNR and CNR efﬁciencies compared to a 1.5 T
scanner, where SSFP-based techniques show the highest increase in SNR and CNR efﬁciency. There was no difference between average
cartilage thickness measurements performed at the 1.5 T and 3.0 T scanners or between the three different sequences.
ª 2004 OsteoArthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
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The impact and consequences of osteoarthritis (OA) in the
aging population of the industrialized world are very
apparent in light of the recent declaration of the Bone and
Joint Decade1. The impact and prevalence of OA motivates
the medical and pharmaceutical communities to develop
disease-modifying drugs that prevent or slow the course of
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Received 27 July 2004; revision accepted 24 December 2004.33disability. Accurate evaluation of articular cartilage is
essential in the development of disease-modifying drugs,
since cartilage volume, cartilage thickness and cartilage
deformation are potentially valuable surrogate endpoint
markers for OA2,3. Magnetic resonance (MR) imaging has
been successful in the visualization of articular cartilage4
and the measurement of cartilage volumes5,6. For this
reason, various longitudinal MR imaging studies have
been started to investigate the role of cartilage in OA.
Most of these longitudinal MR imaging studies are
performed on a 1.5 T scanner. Recently, higher ﬁeld
systems, typically 3.0 T, have become more prevalent in
the clinical setting.
There has been little clinical experience with optimal
cartilage imaging at 3.0 T. Theoretically, longitudinal mag-
netization varies linearly with ﬁeld strength, and as a result,
imaging at 3.0 T should provide approximately twice the
intrinsic signal-to-noise ratio (SNR) of imaging at 1.5 T,
assuming other parameters, including RF coils are equiva-
lent7. However, ﬁeld-dependent changes in tissue relaxation8
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water may limit the SNR beneﬁt seen at 3.0 T8.
Although various longitudinal MR imaging studies have
already been started, there still is a controversy about the
optimal cartilage imaging sequence on 1.5 T and 3.0 T.
Currently, the most widely used techniques for articular
cartilage imaging on MR are fat suppressed proton-density
weighted fast spin-echo, fat suppressed T2-weighted fast
spin-echo, and fat suppressed spoiled gradient recalled
echo (SPGR) sequences9,10. SPGR sequences are often
chosen for cartilage volume and thickness estimation
because the three-dimensional (3D) acquisition, along with
hyperintense cartilage signal provide robust visualization of
cartilage, and detection of cartilage pathology. However,
new MR imaging pulse sequences, speciﬁcally steady-state
free precession (SSFP)11e13 have recently attracted atten-
tion with regards to their optimal visualization of cartilage
because of increased cartilage signal intensity (SI), in-
creased cartilage SNR and contrast-to-noise ratio (CNR),
and reduced imaging time compared to conventional pulse
sequences4,14.
The purpose of this study was to compare articular
cartilage SNR, CNR, and thickness measurements on
a 1.5 T with those acquired on a 3.0 T MR scanner using
3D-SPGR and two SSFP sequences.
Methods
MR ACQUISITION
Ten knees from ﬁve healthy volunteers included in the
study (four males, one female, ages 26e38) were scannedat 1.5 T (GE Signa TwinSpeed) and at 3.0 T (GE Signa
VH/i). The local institutional review board approved our
protocol, and informed consent was obtained for each
study. Each examination consisted of a sagittal fat sup-
pressed 3D-SPGR (FS-3D-SPGR) sequence (1.5 T: TR/TE
(Repetition Time/Echo Time): 14.8/1.2 ms; FA (Flip Angle):
12(; 3 NSA (Number of Signal Averages); 11:47 min; 3.0 T:
TR/TE: 13.5/1.5 ms; FA: 10(; 3 NSA; 9:41 min), a sagittal
fat suppressed 3D-SSFP (FS-SSFP) sequence (1.5 T: TR/
TE: 4.1/1.4 ms; FA: 30(; 1 NSA; 3:07 min; 3.0 T: TR/TE:
5.6/1.5 ms; FA: 30(; 1 NSA; 3:20 min), and a sagittal Dixon
3D-SSFP sequence (1.5 T: TR/TE: 6.1/1.4 ms; FA: 30(; 3
NSA; 4:53 min; 3.0 T: TR/TE: 5.1/1.3 ms; FA: 30(; 3 NSA;
3:40 min). All scans were acquired using a 256! 256
matrix, 17 cm Field of View (FOV), 1.5 mm section thick-
ness, 52 sections, a bandwidth of 62.5 kHz, and all scans
offer 3D coverage. Both the 1.5 T and 3.0 T scans used
a transmit-receive quadrature extremity coil (MRI Devices).
MR IMAGING METHODS
FS-3D-SPGR sequences yield hyperintense cartilage
signal, with excellent depiction of cartilage morphology14,11
[Fig. 1(a,d)]. 3D coverage with high SNR is achievable in
reasonable scan times (around 5e6 min). These sequen-
ces are also advantageous for volume measurement;
segmentation is simpliﬁed because cartilage has the
highest signal in these images. Its primary disadvantage
is that there is little contrast between cartilage and synovial
ﬂuid.
The contrast produced with fat suppressed SSFP
methods is favorable for cartilage imaging. It yieldsFig. 1. Different sequences on 1.5 T and 3.0 T scanners. a, 1.5 T 3D-SPGR sequence; b, 1.5 T FS-SSFP sequence; c, 1.5 T Dixon SSFP
sequence; d, 3.0 T 3D-SPGR sequence; e, 3.0 T FS-SSFP sequence; f, 3.0 T Dixon SSFP sequence.
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cartilage signal [Fig. 1(b,c,e,f)]. The overall SNR efﬁciency
and speed of the SSFP-based techniques make them very
attractive for routine morphologic cartilage imaging. The
major disadvantage of SSFP techniques is sensitivity to off-
resonance artifacts4. Synovial ﬂuid appears very bright in
SSFP images, which provides an arthrographic effect
helping to depict cartilage contour defects. Unfortunately,
this increases the complexity of segmentation algorithms
that must use upper and lower threshold limits for cartilage
segmentation.
OPTIMIZING SEQUENCES
Eq. (1) was used to optimize ﬂip angles for SSFP imaging
with a method that is similar in principle to the method used
to optimize the ﬂip angle for 3D-SPGR sequences using the
Ernst angle12. The ﬂip angle (a) that maximizes the signal of
an SSFP image for a material with a given T1, T2, and TR is
given by the Eq. (1):
aZcos1

eTR=T1  eTR=T2
1 eTR=T1eTR=T2

ð1Þ
where the phase of the subsequent radiofrequency pulses
is alternated between 0( and 180(. Cartilage T1 and T2
relaxation times used in this equation were for 1.5 T: T1/T2
1060 ms/42 ms and for 3.0 T: T1/T2 1240 ms/37 ms
8.
QUANTITATIVE ANALYSES
For quantitative analysis, we compared sequences based
on maximal cartilage SNR, maximal CNR between cartilage
and ﬂuid, and maximal CNR between cartilage and its
surrounding tissue. In order to measure SI of each tissue,
regions of interest (ROIs) were placed on each different
type of tissue using a custom software tool (ImageJ 1.31v,
NIH, USA). ROIs were placed at identical positions on
matching sections in each patient. ROIs were placed at the
cartilage of the weight bearing and posterior area of the
femoral condyles, patellofemoral joint ﬂuid, medial gastroc-
nemius muscle, femoral bone marrow, medial subcutane-
ous fat, and posterior horn of the medial meniscus. ROIs in
the ﬂuid and cartilage were relatively small due to smaller
volumes of tissue present. The minimal surface area of an
ROI was 96 pixels, the mean surface area of an ROI was
3566 pixels. SNR was calculated by dividing the SI by the
standard deviation of the noise, which was measured from
an ROI outside the knee in a region free of artifact. SNR
efﬁciency was calculated by dividing the SNR by the square
root of the scan time. Finally, all SNR efﬁciencies were
multiplied by 0.65, to calculate the SNR measured from
these magnitude images in the presence of noise13.
Because cartilage is only in contact with synovial ﬂuid for
a small percentage of the total cartilage perimeter, we are
also interested in contrast between cartilage and other
surrounding tissue. Therefore, we calculated CNRtotal
between cartilage and all of the cartilage surrounding
tissues (n) using the following formula:
CNRtotalZ
X
jSNR cartilageSNR tissuenj
!
Tissuen to cartilage interface ðmmÞ
Total cartilage perimeter ðmmÞ
In this formula, tissue to cartilage interface is the length in
millimeters where bone, ﬂuid, menisci, fat and muscle,respectively, are in direct contact with cartilage.27 Tissue to
cartilage interface divided by the total cartilage perimeter
represents the percentage of cartilage that is in direct
contact with a speciﬁc tissue. For example, with bone this
percentage is 50% since half of the cartilage (the non-
articular side) is always in direct contact with bone. When
calculating CNRtotal we used the same slice per sequence
in each patient to keep the tissue to cartilage interface the
same for all compared sequences.
In addition to the measured cartilage SI of the weight
bearing and posterior areas of the femoral condyles,
cartilage SI was also measured at the anterior aspect of
the femoral condyles, trochlea, tibial plateau, and patella.
This was performed because cartilage SI may vary between
the different parts of the cartilage.
AVERAGE CARTILAGE THICKNESS MEASUREMENTS
We used the B-spline Snakes method with manual
initialization in the process of average cartilage thickness
measurements of the medial and lateral femoral condyle, in
order to detect the cartilage boundary on each MR image
with high precision15. The segmentation using B-spline
Snakes is semi-automatic and requires manual correction,
as MR images do not always have consistent brightness.
This interactive tool allows segmentation in a minimal
amount of time with reliable results. When the segmentation
process was completed for all MR images, a 3D model was
created from the segmented images using the Marching
Cubes algorithm which is a surface rendering algorithm.
The Marching Cubes algorithm divides the space that
contains a stack of segmented images into regular cubical
cells and calculates scalar values at each grid point to
create surface patches of each cell. The 3D surface models
were then made by connecting these surface patches. The
Laplacian smoothing algorithm was used to regularize the
surface points16. On average the 3D model used 80,000
points for the cartilageebone and 80,000 points for the
cartilageesoft tissue surface interface. In order to calculate
the cartilage thickness in this 3D model, a closest point on
the cartilageebone surface was found for each point at the
cartilageesoft tissue surface interface.
We divided the femoral cartilage into six regions to
examine average cartilage thickness. These regions were
divided into regions based on the load bearing areas of the
knee during walking (Fig. 2). The neutral position is taken
as the reference line, and then two new lines were drawn, at
30( and 30( from the neutral position about the center of
the arc through the distal condyles. Another line was drawn
at an angle of 30( from the middle of the second (30()
line. The location of the measurement in the medial to
lateral direction of the femoral cartilage was determined by
using a ﬁxed distance from the middle of the two femoral
condyles to the intercondylar center17,18.
Comparison of the average cartilage thickness from
images acquired at 1.5 T and 3.0 T MR images was
performed. In order to ensure that the average cartilage
thickness was measured at identical regions, the two
cartilage models were aligned on each other using a Rapid-
Form (Inus tech., Korea) software program (Fig. 3).
STATISTICAL ANALYSES
Data were analyzed using a multivariate repeated-
measures analysis of variance examining the effects of
position (anterior, medial, posterior), condyle (medial vs
341Osteoarthritis and Cartilage Vol. 13, No. 4Fig. 2. Selection of anterior, middle and posterior regions of the femoral cartilage. Lateral and frontal view. MAZmedial condyle, anterior
portion; MMZmedial condyle, middle portion; MPZmedial condyle, posterior portion; LAZ lateral condyle, anterior portion; LMZ lateral
condyle, middle portion; LPZ lateral condyle, posterior portion.lateral condyle), method (3D-SPGR, FS-SSFP, Dixon
SSFP), and scanner type (1.5 T, 3.0 T) on the measure-
ment. Each knee was treated as an independent set of
observations. All datasets were complete.
Results
Optimal ﬂip angle for cartilage signal-to-noise using FS-
SSFP and Dixon SSFP sequences is 30( for both the 1.5 T
and 3.0 T systems. For the 3D-SPGR sequences, optimal
ﬂip angle is 12( for the 1.5 T system and 10( for the 3.0 T
system.
The absolute cartilage and ﬂuid SNR efﬁciencies of the
three different sequences were higher at 3.0 T than at 1.5 T
(Table I). For 3D-SPGR, cartilage SNR efﬁciencies at 3.0 T
increased compared to a 1.5 T scanner by a factor of 1.83
(range: 1.40e2.09), for FS-SSFP by a factor 2.13 (range:
1.81e2.39) and for Dixon SSFP by a factor 2.39 (range:
1.95e2.99). The Dixon SSFP sequence has the highest
SNR efﬁciencies for cartilage and ﬂuid. All three sequences
demonstrate an increase in CNR efﬁciencies between
cartilage and ﬂuid and between cartilage and all of
its surrounding tissue at a 3.0 T system (Table II). For
3D-SPGR at 3.0 T, CNR efﬁciencies between cartilage andall its surrounding tissue increased compared to a 1.5 T
scanner by a factor of 2.12 (range: 1.75e2.47), for FS-
SSFP by a factor 2.11 (range: 1.58e2.80) and for Dixon
SSFP by a factor 2.39 (range: 2.09e2.83). Dixon SSFP
images have the highest increase in CNR between cartilage
and ﬂuid, and cartilage and its surrounding tissue, as well
as the highest absolute CNR on a 1.5 T and a 3.0 T MR
system.
Mean average cartilage thickness measured in all knees
was 2.3 mm (minimum average cartilage thickness 1.4 mm,
maximum average cartilage thickness 3.1 mm). There was
no difference in average cartilage thickness measurements
performed at the 1.5 T and 3.0 T scanners (PZ 0.80) or
between the three different sequences (3D-SPGR, FS-
SSFP, Dixon SSFP) (PZ 0.79). There was no signiﬁcant
effect of position (anterior, middle, posterior) or condyle
(medial, lateral) on the average cartilage thickness meas-
urements (PO 0.05; range: 0.33e0.99) (Table III).
Cartilage SI at both ﬁeld strengths varied with location
(Table IV). On both the 1.5 T and the 3.0 T scanners, the
lowest cartilage SNR efﬁciencies were measured at the
tibial plateau for the 3D-SPGR and FS-SSFP sequences,
and at the patella for the Dixon SSFP images. Highest
cartilage SNR efﬁciencies at the 1.5 T scanner were for all
three sequences measured at the trochlea. HighestFig. 3. Femoral cartilage registration using RapidForm (Inus tech., Korea).
342 P. R. Kornatt et al.: Cartilage Imaging at 1.5 T and 3.0 TTable I
Cartilage and fluid SNR efficiencies (standard deviation) of three different sequences at 1.5 T and 3.0 T
Cartilage Fluid
SNR efﬁciencies Increase Range SNR efﬁciencies Increase Range
1.5 T 3.0 T 1.5 T 3.0 T
3D-SPGR 3.93 (0.53) 7.20 (1.28) 1.83 1.40e2.09 2.33 (0.36) 3.67 (0.91) 1.58 0.92e2.39
FS-SSFP 4.52 (0.91) 9.64 (2.38) 2.13 1.81e2.39 12.88 (2.77) 22.81 (9.31) 1.77 1.12e2.41
Dixon SSFP 5.09 (1.05) 12.15 (2.79) 2.39 1.95e2.99 14.64 (4.00) 33.18 (8.51) 2.27 1.89e2.69cartilage SNR efﬁciencies at the 3.0 T scanner were
measured at the posterior part of the femoral condyles for
the 3D-SPGR and FS-SSFP sequences, and at the anterior
part of the femoral condyle for the Dixon SSFP images.
Cartilage SNR efﬁciencies varied strongly between the
different knees, as shown by the minimum and maximum
values per anatomic location.
Discussion
The present study demonstrates that articular cartilage
imaging of the knee on a 3.0 T MR scanner shows
increased cartilage SNR and CNR efﬁciencies compared
to a 1.5 T scanner. SSFP-based techniques show the
highest increase in SNR and CNR efﬁciency. There was no
difference between average cartilage thickness measure-
ments performed at the 1.5 T and 3.0 T scanners or
between the three different sequences. The improvement
in SNR efﬁciency varies by location, indicating the choice of
coil and its sensitivity is crucial to beneﬁt from the increase
in ﬁeld strength.
SSFP-based techniques have higher SNR and CNR
efﬁciencies compared to 3D-SPGR sequences on both
1.5 T and 3.0 T scanners. The main advantage of SSFP-
based cartilage imaging techniques on a 1.5 T scanner,
a high SNR efﬁciency compared with conventional techni-
ques, have been described in literature4,14,12. In addition the
present study showed that SSFP-based cartilage imaging
techniques show a greater difference in SNR efﬁciencies
compared to conventional 3D-SPGR sequences at 3.0 T
than at 1.5 T. This is important because techniques for
quantifying OA surrogate endpoints, such as cartilage
thickness and cartilage volume, have been develo-
ped5,19e22. These cartilage-quantifying techniques require
segmentation. Segmentation requires high contrast be-
tween cartilage and surrounding tissues, as well as high
spatial resolution. Therefore, an optimal imaging technique
for automatic or semi-automatic assessment of cartilage
thickness and cartilage volume should have a high CNR
between cartilage and its surrounding tissues, including
uniform fat suppression. The present study demonstrates
that not only is CNR between cartilage and ﬂuid higher withSSFP methods than SPGR approaches, but also that CNR
between cartilage and all its surrounding tissues is higher at
both 1.5 T and 3.0 T. Higher CNR between cartilage and
ﬂuid, and cartilage and its surrounding tissues emphasizes
the advantages of SSFP-based sequences as opposed to
3D-SPGR based sequences in the acquisition of cartilage
MR images.
Scanning on higher ﬁeld strengths, such as 3.0 T,
increases SNR efﬁciency by a factor of approximately 2.0.
In addition, SSFP-based sequences show increased SNR
efﬁciencies compared with conventional 3D-SPGR sequen-
ces. CNR efﬁciencies between cartilage and other tissue
also increase by a factor 2, because the difference between
SNR of different tissues increases just as the tissue itself,
by a factor 28. This means that scanning on a 3.0 T scanner
has the advantage over the 1.5 T scanner of having a higher
CNR between cartilage and surrounding tissues. Quantita-
tive assessment of cartilage volume and cartilage thickness
has already been validated successfully on a 1.5 T scan-
ner3,23. The present study demonstrates that average
cartilage thickness measurements on a 3.0 T system do
not signiﬁcantly differ from measurements at 1.5 T. Be-
cause CNR efﬁciencies increase at 3.0 T, the accuracy and
reproducibility of both semi-automatic as fully automatic
cartilage segmentation software should beneﬁt from the
increase in CNR efﬁciencies on the 3.0 T scanner. This
makes the SSFP-based sequences on a 3.0 T scanner very
suitable to acquire MR images of the knee for cartilage
segmentation. The fact that cartilage has the highest signal
of any structure in the knee in FS-3D-SPGR images is
advantageous for cartilage segmentation algorithms, com-
pared with SSFP acquisitions. This allows one to use
a single threshold above which cartilage is deﬁned. This
initial segmentation can be reﬁned using other segmenta-
tion techniques such as nearest neighbor or region growing.
With the SSFP-based techniques both upper and lower
threshold increases the subjective nature of the initial
portion of the segmentation and makes this portion slightly
more difﬁcult to automate.
Cartilage SI at both ﬁeld strengths varied with location.
The differences in cartilage SI within one knee are most
likely due to the sensitivity proﬁle of the knee coil. When
cartilage is located closer to the knee coil, one can expectTable II
Cartilage CNR efficiencies (standard deviation) of three different sequences at 1.5 T and 3.0 T
CartilageeFluid Cartilageeall surrounding tissue
CNR efﬁciencies Increase Range CNR efﬁciencies Increase Range
1.5 T 3.0 T 1.5 T 3.0 T
3D-SPGR 1.60 (0.51) 3.53 (1.46) 2.21 1.24e4.61 2.13 (0.36) 4.52 (0.95) 2.12 1.75e2.47
FS-SSFP 8.37 (2.04) 13.17 (7.55) 1.57 0.44e2.43 3.65 (0.81) 7.71 (2.51) 2.11 1.58e2.80
Dixon SSFP 9.55 (3.19) 21.03 (7.61) 2.20 1.49e2.93 4.50 (1.04) 10.76 (2.29) 2.39 2.09e2.83
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Average cartilage thickness (standard deviation) in millimeters at different locations in the knee measured with different sequences at different
field strengths
Sequence Medial condyle Lateral condyle
Anterior part Middle part Posterior part Anterior part Middle part Posterior part
1.5 T 3D-SPGR 2.0 (0.5) 2.2 (0.5) 2.3 (0.5) 2.0 (0.3) 2.3 (0.4) 2.5 (0.6)
3.0 T 3D-SPGR 2.1 (0.6) 2.3 (0.5) 2.4 (0.4) 2.1 (0.3) 2.4 (0.4) 2.5 (0.5)
1.5 T FS-SSFP 1.9 (0.5) 2.3 (0.5) 2.3 (0.6) 1.9 (0.3) 2.3 (0.4) 2.5 (0.5)
3.0 T FS-SSFP 2.0 (0.5) 2.3 (0.5) 2.3 (0.4) 2.0 (0.4) 2.4 (0.3) 2.5 (0.5)
1.5 T Dixon SSFP 1.9 (0.4) 2.3 (0.4) 2.2 (0.4) 2.0 (0.3) 2.3 (0.5) 2.5 (0.6)
3.0 T Dixon SSFP 2.0 (0.6) 2.3 (0.5) 2.3 (0.5) 2.0 (0.4) 2.3 (0.5) 2.4 (0.6)slightly higher SI than when cartilage is located further away
from the coil. In comparing the different sequences it is
therefore important to be consistent in placing the ROI when
measuring cartilage SI. Another reason for the differences
in cartilage SI besides the variability in coil sensitivity is that
the relaxation times in cartilage can vary with location. The
variation of relaxation times in cartilage can also contribute
for the differences in cartilage SI within one knee. Image
artifacts can also contribute or cause cartilage SI changes.
An advantage of the present study is that all three
sequences on both scanners were optimized for cartilage
imaging beforehand14,12,24. Therefore, we could keep the
acquisition parameters of the different sequences on both
scanners the same. All different images were acquired
using the same matrix, the same ﬁeld of view, the same
section thickness, and the same bandwidth. This way we
tried to make the comparison of the three different
sequences as fair as possible. However, we are aware
that the in-plane resolution, obtained by dividing the ﬁeld of
view by the image acquisition matrix, of 0.662 mm2, is about
half the in-plane resolution used in other studies. The
reason we used 256! 256 resolution was to perform SSFP
imaging with a relatively short TR. Going to 512 matrix
would have resulted in a long TR and banding artifacts. This
is a current limitation of the SSFP technique. There are
approaches with SSFP which will allow us to extend the
resolution to 512, including linear combination of SSFP25
and use of VERSE pulses26. The goal of the present study
was to compare different cartilage sequences at the two
different scanners, and therefore our main concern was to
keep the acquisition parameters the same.
Limitations of this study are that we did not validate the
average cartilage thickness measurements with a gold
standard. We did not correlate the average thickness
measurements on 1.5 T and 3.0 T with anatomical sectionsof knee cartilage, arthroscopy or any other validation
technique. Since we studied healthy volunteers, this paper
does not address the sensitivity of the different techniques
for detecting cartilage lesions. This will be addressed in
future studies.
Another limitation of this study is that thickness measure-
ments were done in healthy volunteers. It may be more
difﬁcult to measure cartilage thickness in damaged, un-
healthy cartilage, such as in patients with OA of the knee.
The fact that we did not ﬁnd a difference between average
cartilage thickness measurements on a 1.5 T and a 3.0 T
scanner in patients with healthy cartilage does not
automatically mean there is no difference in average
cartilage thickness measurements between 1.5 T and
3.0 T in OA patients.
A ﬁnal limitation is that we did not account for methods,
which provide quantitative evaluation of intrinsic cartilage
parameters. The cartilage thickness measurements used in
the present study are not able to assess the initial phase of
degenerative joint diseases, as the very early beginning is
characterized by alterations within the biochemical content
of cartilage, not by cartilage loss or deformation.
In conclusion, articular cartilage imaging of the knee on
a 3.0 T MR scanner shows increased SNR and CNR
efﬁciencies compared to a 1.5 T scanner, where SSFP-
based techniques show the highest increase in SNR and
CNR efﬁciency. There was no difference between average
cartilage thickness measurements performed at the 1.5 T
and 3.0 T scanners or between the three different sequen-
ces. This makes the SSFP-based sequences on a 3.0 T
scanner very suitable to acquire MR images of the knee for
cartilage segmentation. The improvement in SNR efﬁciency
varies by location, indicating the choice of coil and its
sensitivity is crucial to beneﬁt from the increase in ﬁeld
strength.Table IV
Cartilage SNR efficiencies at different locations in the knee on a 1.5 T and on a 3.0 T scanner
SNR (MineMax)
Anterior condyle* Posterior condyle* Trochlea Tibia Patella
1.5 T, 3D-SPGR 4.01 (2.71e4.79) 3.99 (2.76e5.04) 4.34 (2.54e5.61) 3.55 (2.98e4.45) 4.01 (2.95e4.63)
1.5 T, FS-SSFP 4.65 (3.27e5.75) 4.81 (3.20e6.74) 5.22 (3.36e7.01) 3.76 (2.80e4.62) 4.23 (2.78e5.84)
1.5 T, Dixon SSFP 6.15 (3.60e8.25) 5.85 (3.47e7.88) 6.18 (3.35e8.65) 4.94 (3.66e6.13) 4.83 (2.97e7.22)
3.0 T, 3D-SPGR 6.25 (3.63e8.66) 6.65 (3.79e9.94) 6.35 (4.22e9.18) 5.55 (3.30e7.43) 5.94 (4.23e7.75)
3.0 T, FS-SSFP 6.83 (3.17e9.61) 6.99 (3.17e12.6) 6.80 (3.83e11.5) 5.39 (3.10e7.65) 5.85 (4.04e8.97)
3.0 T, Dixon SSFP 13.6 (8.61e18.9) 12.9 (6.79e17.4) 12.7 (8.77e16.1) 11.4 (6.13e17.2) 10.6 (5.52e15.0)
MinZminimum; MaxZMaximum.
*Anterior or posterior portion of the femoral condyle.
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